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Photoactivatio n of Cluster Catalysi~ A Corn aniso n of l-Pentene lsomeri zation

Tetracarbo l tniphepyjphosphine)ruthenium and 1 ,1 ,1 ,2,2,2,3,3,3-
I’

Nonacarbonyl-l ,2 ,3-tr is(t niphenyl phosphine)-tr iangulo-triruthenium

*James L. Graff, Robert 0. Sanner , and (lark S. Wrighton

Department of Chemistry
Massachusetts Institute of Techno1o~y
Cambrid~e , ~‘1ass achusett s 02139

Abstract: The photocatalyzed isonienization of l-pentene to traris- and
cis-2 -pentene by Ru(CO ) 4 PPh 3 and Ru 3 (CO ) 9 (PPh 3 ) 3 is reported along with
data for Ru3 (CO) 12, Fe 3 (CO ) 12, and Fe(CO ) 5. The primary photoprocess in
Ru (CO )4PPh3 is dissociat ive loss of CO giv 4 ng a coo dinatively unsaturated
species having the same empirical formula as Ru 3(CO)9(PPh3)3;the trinuclear
species undergoes Ru-Ru bond rupture and ultimate declusterification
subsequent to photoexcitation giving a quantitative yield of Ru (CO)4PPh3
under CO or Ru(C0)3(PPh3)2 in the presence of PPh 3. The crucial result is
that the cluster yields a different catalytically active species compared to
Ru(C0)A PPh , since the initial ratio of trans- and cis-2-pentene is different

-r 3 —

for the two photocatalysts. The photocatalysis and primary photoprocesses
suggest that the isomenization from the Ru3(C0)9(PPh3)3 results from an
active form of the cluster. By way of contrast , Fe(C0)5 and Fe3(CO)12
yield the same initial ratio of photocata lytic products , implicating a
common , mononuclear catalytic species. Since the clusters are good visi ble
absorbers compared to the mononuclear species , photoactivation of cluster
catalysis can be effected with low energy visible light ; initial product
ratios are independent of wavelength , but quantum yields for olefin
isomerization are somewhat larger in the visibl e compared to near-uv excitation .



Photo ac t i  vat io n of Cl u ter C a ta l ~~.i ‘~ : A I~pari son of 1—Pel l t ent ’ Isomer i .a t  iwi

by T et raca rbo ny l (tn phony lphos ph~rie )rutheniuni and 1 ,1 .1 ~~~~~~~ .3 ._3 —

Nonacarhonyl — l ,~ ,3— tn s~ tniphen , lphosph ine~ tr i anq ulo —t ninut heni unI

S i r :

In th i s coiui~un  i at on we ~ i . h to req i s ten two potent i a 1 adv a n taqes of

c luster p~’~~~~ s~ rs to photoch&’mi cal  ly genera ted cata l ys ts .  We w ish  to present

prel uiii nan~ resul ts  deinori~ t ra t i nq tha t (1 )  lowe,’ energy i rrad i at ion can be

used to ac t iva te  ca ta lys i s  by i r radiat ion of a c luster compared to an

appropriat e niononuc lea n ana logue and (~) tha t the act ive  species genera ted

from the c luster  can ope~’ate on the substr ate to g ive a substant ia l ly

different rat io of produc ts.  The latter result bears on the quest i on of

whether c luster species can do unique chemistry t ’ela t i ye to their mono-

nuclear fragments. We report a compari son of the photocata ly.’ed 1 -pente ne

iso,nerization by Ru 3 ( CO) 9(PPh 3)3 and Ru (CO)4(PPh 3))

Before detailing the results concerning the 1-pentene isoineni :ation we

will delineate some of the essential photoche rnical and spectral properties of

the two catalyst precursors . 8oth complexes are thermally inert at 298~K ,

but each is photosensitive. The absorption spectra of the two comple\os is

inc l uded in Fi gure 1; Ru(CO)4(PPh3) is a pale yellow substanc e with only

tail absorption wavelengths longer than 300 run , while Ru 3(CO)9(PPh 3)3
exhibits an intense visible absorption maxim um at 506 nni (~ 

- 14 ,000). The

ultraviolet absorption of the C3v Ru ( CO )4(PPh 3) is lo gically a liqand fie ld

transition which terminates in the d
~

’ orbital which is st ronqly

0-antibondi ng .2 ~1ear uv , 355 nrn , irradiati on in the presence’ of added 0.1 (1

PPh3 in benzene yields Ru (CO ) 
~ 

(PPh3 ) ( ~~~ 1 ~~1’ , ~~~~~~ ) ,~~~ and I m adi at ion m the

presence of O .1M P(O?le)3 in ben?e ’ne apparently yi elds Ru(CO ) 3 (PPh 3 ) ( P ( O M e ) , )  ~~~~~~

1 905 Cm~ ) not Ru ( CO )4 (P ~0Me )
~~ 

) . T hose resul ts al l  OW the co nclus ion that
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l ’ .s et CO Is the princ ipa l nesul t ot near—n v i r radiat ion of l.~u( CO ) 4 ( IP h~ )

equation ( 1) .  Wh en CO i s  pu’~ied t n ~)lli the so lut ion , 1 —pe ntene can scav enqe

Ru(C0) 1(Pl’h 3 ) 3~ 
Ru( CO ) 3 (Pl’h 3 ) • Ct) ( 1)

0. 3~’~O.
Ru ( CO)~ (PPh 3 ) to y i e l d  a very subst i tnt ~on la b i le  1 — pe nt e ne comp lex . But ii

henneti~ al ly sea led bcn:one :~o 1ut IonS of I . 1 — pe nte ne .  Ru(C 0) 4 PPh 3 undt’n~
lit t 1 e net react ion ~~~~ en at 1 onq I rrad I a t  I on t imes . Note that the coond I nat v e 1 •v

unsaturated poc I es ~etiena ted h~s the same’ omp in I a 1 torinu 1 a as 1w3 ( CO ) 
~ 

C I’Ph3
This tact i s  an important I e’a tu ne of the s y s te m under s tud y ,  s ince we I m d  tha t

v is ib le  i r rad iat ion  ot Ru 3 (CC I )
9 (PPh ) ,  in the presence ot I y ie ld ’~ Ru ( C O) ~ PPh8I

equat ion I, 
~~ 

) . Based on t hi s pho toc heii~ I s try and the low enon~iv 01 the f i r s t

Ru3 ( CO)~ (PPh~~3 
hv , 514.5 urn 

-
~ 3R u(CO ) 3PPh, L ( ‘ )

io~
2

absorpt ion I ed tune , we at t r i bute  the lo~ws t enor’~fr absor i’t ion hand to a

transit ion wh ich involves the Ru orbita ls and 1 ike ’ly te rm inates in one whi c h i s

strongly ~ -ant i bond i nq w i th  respec t to the Ru-Ru bonds) ‘~~~ in the presence of

1. 161-1 l-pentene. irradiation of Ru3 (CO) 9 ( PPh 3 ) 3 in benzene solution only yiel d s

s low convers ion to mononuc 1 ear comp 1 O\ t ’S (
~‘ 1 O~ ) . We note that Fe (CCI ) and

Fe3 (CO) 12 are related to each other in the way tha t Ru(C O) 4 ( PPh 3 ) and

Ru3 ( CO) 9 ( PPh3 ) 3 are . The absor ption spectra of Ft ’ (CO) r and t13 (C0) 1., are

Included in Figure 1 , and sonic of their photochem i stry is lyon in react ions

(3) and (4) .  ~~~ I rom the quantum yie lds given in (1 )— (- l  ) it appears that

Fe(CO ) 5 
hv 

-~~ • - •
~~ Fe(CO ) 4 CO (3 )

.355 nm, ~~~~~ 1.0

M3 (CO) 12 t: 
h~ -

~~ ~1(cO) 4 L (4)

io 2
M = Fe, Ru

the c lusters are qua 1 i ta ti vely less ef f  i c i ont I y decom posed thar~ the umonorIu~ l e a t

compi oxes . Further . for the I ,‘rad I at ion of the’ Ru phosph i no c omp 1 o x t ’s in t he’ 

— - — —_—_ _ - —
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presence of 1-penten e we observe onl y very slow cunv i ion to

any product. Though the detai led mechanism of

reactions (2 ) and (4)  is not c lear ,  it can be speculated that c leavage of a

M—M bond is the primary chemical result of light absorption in the tn nuclea r s pecies ,

reaction (5 ) ,  f o l lowed by ( I )  rapid reformation of the N—N bond (giv ing low

hv 
~ (5)

quantum yields) or (ii) dissociative and/or associativ e processes leading to

the mononuclear products. The possibility tha t the ring-opened trinuc lear

species might interact with substrates prompted the comparison of photo-

cata lytic properties of mononuclear and trinuclear spec ies.

The cluster species ~-l3(CO ) 12 (Ii = Fe , Ru), and Ru3 (CO ) 9 ( PPh 3 )3 all photo -

catalyze reaction (6) upon visible light excitation which is not absorbed by the

~~~~~~~~~~ [met compl~~~ ~~~~~~~~~~~~~~~~~ 
+ ~~~~~~~~~~~~~~~ (6)

Fe or Ru mononuclear complexes. This establishes one important advantage

for the cluster vs. mononuclear precursors. The abilit y to initiate the

catalytic action in the visible may allow catalysis of a wider range of substrates

in that many organic substances are sensitive to ultraviolet light.

The particulars of the l-pentene i sonerizatior m according to eq. (6) are

given in the Table. All of the catalyst precursors are capable of moving high

concentrations of l-pentene toward the thermodynamic ratio 7 of the linear pentenes ,

demonstrating turnover numbers (number of l-pentene molecules consumed per
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Metal ato ; i inIt ia l ly pres~ nt) which are at least lO s. Further , observed

lii i t i a 1 Lluant un yi e lds, : (number of 1 —pentene inol ecu I es isomeni ~eU pen

l f l C  l . I t f l t  p h Lt e n )  ~t , ’e hiqh and of te n exce ed unity , evidenci rig the photoqt n e r t t i o n

of a themna l ly a c t i v e  ca ta lys t  which turns over a number of times .

The c r i t i ca l  result is that the ini t ia l rat io of tr ar i s— to c i s — 2 - p e n t t n t

depends on the c a t a l v s  t precursor used . In part icu lar ,  the,’e is a marked

dif ference between photocata lys is  by Ru (CO) 1( PPh 3 ) and Ru 3 (C0 ) 9 (PPh 3 ) 3. Th is

result reveals tha t whatever the actual cata ly t ic  species are , they are

different for the two precursors. The in i t ia l  rat io of the 2-pentenes from

the clusters appears to be independent of the exci tat ion wavelength , but modest

di f ferences in quantum y ield are found. The data from the photocheniica l

reactions , catalytic chemistr y, and the comparison with Ru (CO ) 4 PPh3 compel us

to conclu de tha t Ru 3(C0) 9(PPh 3)3 
y ie lds a cluster as the actual active species.

While it is our opinion that the cata ly t ica l l y active species results from

the formation of the diradical in equation (5), it is possible that the

catalyst actually results from loss of CO or PPh 3 as t he primary photoprocess.

The similarity of the ratio of 2-pentenes from Fe(CO)5 and Fe3(CO)12 is

consistent with catalytic action only from mononuclear species . Infrared

spectra l studies show that for all of the clusters studied here , mononuclear

catalysts , or at least precursors to catalysts . must ultimately result upon

prolonged visible light irradiation.
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Tab le . HL) t O~ ~t t ~t 1 ~ eJ 1 - Pent erie I seiler 1 ~~t ~~~ 
a

l.a ta 1~ s I rrdn , rim ~t. Cony . t iri’~ c i -~1’ ne ’. u n  ~o
— 

5.~ 3.1 2 . 3
~4 3 14.9 2. 2 .0

Ru3~C0) 1~PPh 3)3 ~.3 O. t 4 . 3
lO. i) 0.9 3.4

43e~ t~.7 I..’ 2 .3
13.7 1.9 2 .9

550 ~~~~ ---  3.3
12 .0 - - - 3.5

Ru ,( CO ) 1 .3~ 5 1.7 5 . 5  5 .7
13.8 5 .0 6.2

43n 8 .4 13 5.~N.h 1.’ 7.0

Fe(CO). 355 6..’ ‘~i1
14.1 107 2.3

Fe 3~C0) 1 ~~ 7 .3 .‘7 3.0
13.4 .‘ t~ 2. 8

43t 3 .5 41 2 .9
17.0 33 2 .8

550 8.7 --- 3.0
13.9 --- 2 .9

aAl 1 e\pe, ’ l i h ientS  carried out at 290 ” K in deLl a sscd , 1 . 76 N 1-pont cue,
ben:ene so lut  ion conta ininq 1 \ 10— M c a t a l y s t  precurs o r .  Quantum yield s .

are + 20. • and the rat io of trans — to c i — .‘— pen te ne products ,
trai ls/ c is ) ,  is +1 0 . . I rradiat ion at ::0 oi~ 436 urn was carried out us inq

an appro pr iatc1~ f i 1 te red ~~0 U Hanovia II l amp and at 35~ urn usi riq a GE
Blackl ito . Lioht in tens i t i es  at .13o or 355 rim ~cert .’ in the rariqe
1 x 1 0 ’ — 1 x 10 — ci mi ;nj ri . A l 1 anal ~-ses were carried out usinq vapor
phase c hrom:ma toqra ph~ and each out r’~ rep resents  the a veraqe of a t
least two ana1~ ses.

bt~ote tha t for these .spec i es 1 x 10 3M does not comple tt’h absorb all
Incident photons at 355 urn in the 1 .11 cm path 1 onq t h anipu los used to
contain the’ sampl c’S. Th~ ~

‘ s have not been c orr e c ted in a;ic wa ’ to
account for this transrni ss ion of Inc i dent ii g ut  . We take ~

‘ t o  he the
number of 1 — pen tone 1110 1 ecu 1 es some~’ i ed per i nc i dent photon.

- - -



Fi~ ure. Comparison of the absorption spectra of var ious catalyst

precursors in benzene solut ion at 293 °K.
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